2016). The influence of rough lipopolysaccharide structure on molecular interactions with mammalian antimicrobial peptides.
the OM. 10 Mutant strains expressing truncated, so-called Rough LPS chemotypes are more susceptible to antibiotics, when compared to the wild-type, and, because of this enhanced vulnerability they are considered to be suitable for peptide-membrane interaction studies designed to elucidate the mechanism of action of AMPs on the OM. 4, 11 The membrane disrupting activity of AMPs depends on the active conformation adopted by the peptides as well as the composition of the membrane. 12 To date however, AMP-membrane interaction studies have largely ignored the effect of LPS on membrane models. [13] [14] [15] [16] In this study we have investigated the influence of both peptide conformation and LPS chemotype on their molecular interactions, using the α-helical human peptide cathelicidin (LL37) and the β-sheet-forming bovine lactoferricin peptide (LFb) together with two LPS chemotypes from E. coli rough mutants. The range of MIC values for for LL37 17, 18 and LFb [19] [20] [21] can vary largely across literature depending on the E. coli strain and the test conditions used. The reported MIC values for LL37 and LFb against th smooth E. coli ATCC 25922 are respectively ∼0.6 µM 22 and 10 µM, 23 suggesting that LL37 is ∼16 times more active than LFb. With regard to their mechanisms of action, both peptides have been shown to interact with, perturb and eventually permeabilize both natural bacterial membranes and synthetic lipid membranes. 20, [24] [25] [26] [27] [28] [29] LPS has been shown to be a determinant for LL37 and LFb binding and activity, [30] [31] [32] [33] [34] making an investigation into their molecular interactions with the OM a key step in understanding their different efficacies against E. coli (and possibly other Gram negatives). The realisation of such an investigation necessitates the use of suitable OM mimetics which will remain stable over the timescales needed to conduct biophysical experiments. For example, LPS has been successfully incorporated into planar artificial membrane mimetics stabilised with dipalmitoylphosphatidylcholine (DPPC), for use in neutron reflectivity studies. 35 For the interaction studies presented here, the OM mimetics used were monolayers and multilamellar liposomes composed of mixtures of E. coli EH100 Ra LPS or E. coli J5 Rc LPS (Figure 1 ), together with chain-deuterated and fully hydrogenated DPPC. The DPPC provides a platform into which to anchor the LPS chains without imposing any additional packing constraints on planar membrane mimetics, due to its cylindrical molecular shape. The zwitterionic nature of DPPC reduces the likelihood of any direct electrostatic interaction with AMPs , allowing us to focus on the interactions promoted by the LPS alone.
The order parameters of the fatty acyl moieties of the chain-deuterated d 62 -DPPC within multilamellar liposomes were used in this study to examine the influence of LPS on bilayer order in solid state 2 H NMR (ssNMR) experiments. 36 Liposomes containing mixtures of h-DPPC and d 62 -DPPC with either J5 Rc LPS or EH100 Ra LPS were analysed by ssNMR in order to examine the effects of the two LPS chemotypes on bilayer packing, thus aiding the understanding of the structural role of LPS in the OM of bacteria. The same technique was also used to study the effect of the interaction of the two AMPs on the DPPC acyl chain order parameters of the liposomes in the presence of 20 mol% LPS. Mixed monolayers of Rough LPS chemotypes and d 62 -DPPC were studied in neutron reflectivity (NR) and Brewster angle microscopy (BAM) experiments in order to characterize their behavior at the air/liquid interface. 39 Monolayers were also used to study the kinetics and magnitude of peptide interactions with each LPS chemotype following subphase injection, and in order to determine the length of time needed to allow equilibrium to be reached in the subsequent NR studies, following challenge by AMPs. 13, [40] [41] [42] These biophysical observations on the role of LPSs in the membrane models were devised to elucidate the stabilizing role of different rough LPS chemotypes on the OM structure as well as their influence on the activities of LL37 and LFb. 4 2 Experimental section.
Materials.
Rc LPS from E. coli J5 (impurities: protein 1.4%, nucleic acid 0.340%), was obtained from Merck KGaA (Darmstadt, Germany) and was used without further purification. LPS from E. coli EH100 was obtained from Sigma-Aldrich Ltd. (Dorset, U.K.) and used after purification following the method described elsewhere. 30 44 The acquired spectra were dePaked using the Amix software package (Bruker)
to determine the quadrupolar splittings 36 and then fitted with the software PeakFit using The limiting molecular area for each monolayer was calculated from the P − A isotherm from the tangent of the P − A isotherm at 30 mN/m. Since the monolayers were formed by mixtures of lipids and LPS, the additive area per molecule rule was employed according 
where A is the area per molecule and dπ/dA is the slope of the isotherm at a defined surface pressure. The plot E S vs surface pressure allows an appreciation of the effect of the addition of 20 mol% of either EH100 or J5 LPS in h-DPPC monolayers. 47 The monolayer was allowed to equilibrate until the surface pressure reached a plateau before carefully injecting the 100 µL of peptide solution into the subphase resulting in an excess bulk concentration of peptides (approximately double the lipid concentration), in order to ensure their interaction with the monolayer. The change in pressure over time was recorded and the isotherms produced were fitted with a Hill equation y = P max · [t n /(k n + t n )] to obtain kinetic parameters for the maximum change in pressure (P max ), the Hill coefficient (n) and the time needed to obtained half of the maximum increase in pressure (k). In particular k is inversely proportional to the rate of pressure increment, hence lower values of k refer to faster interactions with a monolayer. For a comparison, the DPPC liposomes were challenged by the peptides LL37 and LFb at the same conditions. LFb under the lipid:peptide ratio of 50:1 noticeably reduced the S CD values of DPPC liposomes; the disordering effect was marked on the carbons closest to the headgroup region (Figure 2 B, Supporting information). LL37 did not allow the formation of liposomes when pre-mixed with the h-DPPC/d 62 -DPPC lipids; even at the lower peptide concentration it was not possible to obtain a liposome pellet probably due to its detergent-like activity. 53 Though the bilayer disordering effects of LL37 and LFb are different, with LL37 markedly more potent, the effects of the two peptides on LPS containing liposomes are consistent with previous studies which showed a greater cytoplasmic activity and lower MIC of LL37. 54 The data indicate that Ra EH100 may be more effective at protecting the bilayer from the disordering effects of AMPs due to the steric hindrance of its larger headgroup or it may be less sensitive to the perturbation activity of AMPs due to its pre-existing ordered state of the bilayer. 55 These hypotheses were further examined in the interaction studies using neutron reflectivity.
3.2 Langmuir monolayers at the air/liquid interface. Table 3 . mN/m after more than three hours. The equilibration process may result from a combination between the packing of the lipid and LPS molecules into a stable monolayer and a partial loss of these materials into the subphase.
Brewster angle microscopy (BAM).
The BAM technique has been extensively used in qualitative studies of lipid monolayers [62] [63] [64] as well as monolayers composed of Rc LPS from E. coli 65 and to investigate the insertion of proteins into lipid films. 66, 67 In this study BAM images at 22 • C on water subphase containing Table 3) .
The presence of 20 mol% of either EH100 or J5 LPS in the monolayer of h-DPPC allows for a rapid binding of LL37, characterized by a linear increase in the surface pressure already in the initial 5 minutes of interaction (Figure 3) ; the rate of surface pressure increase 1/k is 2.80e -3 and 5.3e In general LFb seems to induce a greater P max change than LL37 on the J5-20 monolayer, and the Eh-20 monolayer seems to be more susceptible than J5-20 to the penetrating activity 21 of the peptides. NR studies of the interaction of AMPs with LPS-containing monolayers provided a useful and reliable method to assess the likely interaction and the extent of permeation capacity of the peptides into Gram negative membrane mimetic systems. 40, 41, 68 The fitting of the NR data ( Figure 6 and 7) was constrained by fitting all the contrasts for each particular LPS chemotype simultaneously and ensured the reproducibility of the AMP/monolayer interaction. This approach ensured that the same amount of material was present across all fits for a particular monolayer type, where peptide molecules were allowed within the fit to replace water in the LPS head inner and outer region as well as forming a layer underneath the monolayer. The monolayer was divided into contiguous layers as shown schematically in Figure 5 . The parameters obtained from this analysis of the NR data of the bilayers Eh-20 and J5-20 in the absence or presence of the peptides, either LL37 or LFb, are reported in Table 4 . found in the head group layer of the Eh-20 monolayer (Table 4) 
Discussion
The experiments performed for this study on mixtures of 80% d 62 -DPPC and 20% Rough LPS, either Ra EH100 or Rc J5 LPS, showed that in bilayers LPS increases the order of DPPC hydrocarbon chains above its T m (41 • C ) when the bilayer is in the fluid phase;
whereas when the DPPC chains are more ordered, below their T m , LPS exerts a disordering effect on the chain packing, by increasing the fluidity of the monolayer. [59] [60] [61] In this regard the mixed DPPC/LPS monolayers at 22 • C , at a surface pressure of 30 mN/m on a subphase containing MgCl 2 showed a reduction of the E S ( presented by the LPS at the interface of the membrane and is then likely to penetrate into the chain region via its hydrophobic face, evidence for which is provided by it interacting more readily with all the monolayers tested than LFb does. LFb seems to possess a similar rate of binding with both EH100 or J5 LPS-containing monolayers. However the peptide shows a greater magnitude of change of pressure P max for the Eh-20 monolayer confirming the greater susceptibility of this models compared to J5-20. The LFb peptide layer coverage and thickness (Table 4 ) on the J5-20 monolayer are higher than on the Eh-20 monolayer hence, for this region, the extent of the pressure change possibly results from a greater concentration at the interfacial region of the model. In fact the percentage of LFb peptide in the inner headgroup of J5-20 is greater than the percentage of LL37 in this same region, hence this may explain the higher change of pressure measured in the monolayer interaction studies.
Possibly the more structured J5 LPS-containing monolayer, compared to the EH100, is more resistant to the penetration of LFb and LL37, which accumulate in a thicker peptide layer in proximity to the interface.
The very high concentration of peptide used in the monolayer studies (the lipid:peptide ratio being around 1:2), made necessary by the large aqueous bulk volumes, would promote the interaction of both peptides with the monolayers through electrostatic forces. At such concentrations the subtleties of the possible differential mechanisms of the peptides are not clearly distinct, but it is nevertheless interesting to speculate that the LFb interactions with the LPS headgroups in the monolayers are favoured because of a concentration-dependent aggregation of the LL37 71 which sequesters it in the adjacent peptide layer observed in the NR experiments. In the ssNMR experiments, where the peptide is at very low concentrations, a differential effect is more noticeable. At the lipid:peptide ratio of 50:1, LL37 has a greater disordering effect on the lipid chains and is therefore more likely to have penetrated into the hydrophobic region of the bilayers than the LFb. The evidence from this study suggests that LFb is less active because it is more likely to localise in the headgroup region of the OM than to penetrate into the bilayer core, and therefore requires a greater concentration in order to induce packing stress and possibly OM perturbation via pore formation. 16, 25 The apparent discrepancies between the results of the NMR and NR studies, serve to highlight some limitations of our model systems, necessitated by our need for stable planar systems for NR. Not the least of these is the fact that the naturally occurring outer membrane contains a limited amount of phosphatidylethanolamines (PE), rather than the phosphatidylcholine incorporated in our systems. 5 The intrinsic curvature of the bacterial OM is not represented in our planar systems since we considered that the requirement for a stable monolayer was more essential. Moreover such curvature effect can be neglected when the bilayer system (OM of a cell or a vesicle) is large and can be comparable to a planar system such as a monolayer. 68 In this regard the models used in this investigation are a compromise in terms of stability and neutrality of the supporting lipid (DPPC), which allowed us to focus solely on the putative charge and steric properties of LPS.
Conclusion.
The experiments presented in this study aimed to assess the interactive capacity of LL37 and 
